The photo reactivity and photo alignment sensitivity of a fluorine-containing aromatic polyimide, 4,4-(hexafluoroisopropylidene) diphthalic anhydride 2,3,5,6-tetramethyl-1,4-pheny lene diamine (6FDA-TeMPD), were systematically investigated. This polyimide has high heat resistance, high solubility in polar solvents, high optical transparency, and low refractive index. Different molecular ordering structures of 6FDA-TeMPD polyimide were obtained by controlling the type of casting solvent as well as the dry conditions. The photo reactivity of the polyimide obtained under highly volatile preparation conditions is higher than that obtained under lowly volatile conditions. The photo reactivity showed higher dependency on the type of casting solvent than on the heat treatment temperature. The fluorescence spectra show that the polymer condensation increased under 254 nm linearly polarized ultraviolet irradiation. On the other hand, the photo alignment sensitivity did not depend on the polymer cohesiveness, but rather on the residual solvent trace in the polyimide film. Moreover, the photo alignment sensitivity can be increased by reducing the amount of residual solvent in the polymer film.
Introduction
The uniform alignment of liquid crystal (LC) molecules is crucial for most liquid crystal display (LCD) devices.
Commercial LCDs utilize mechanically rubbed polyimide films to achieve a uniform alignment.
However, mechanical rubbing has several drawbacks, such as the generation of electrostatic charges and the introduction of contaminants. To avoid these serious problems, non rubbing methods such as photo alignment have been utilized. In the photo alignment method, polyimide films prepared on indium tin oxide (ITO) coated glass are irradiated with linearly polarized ultraviolet (LPUV) light. This method is one of the most effective non rubbing processes. Gibbons et al. showed that curing the orientation of photo sensitive layers with polarized light may result in an "in-plane" orientation of the LCs on azo polymers [1] . Meanwhile, Schadat et al. observed LC photo alignment on coumarin-containing polymers layers [2] . Ha et al. and Shitomi et al. reported that the photo alignment of polyimide films, including alicyclic and aromatic compounds, depended on the wavelength of the exposure photon [3, 4] . However, these polymer materials have low heat resistance, low optical transparency, and are dark brown or yellowish brown.
Our preliminary experiments for this study revealed that 4,4-(hexafluoroisopropylidene) diphthalic anhydride 2,3,5,6-tetramethyl-1,4-phenylene diamine (6FDA-TeMPD) exhibited photo alignment characteristics [5] . This polyimide has high heat resistance (glass transition temperature = 427C), high solubility in polar solvents, high optical transparency, and low refractive index compared with other polymers.
A number of new polymer materials with various functions have been used in the LCD industry.
Several studies on the effects of different preparation conditions on the physicochemical linkages of condensation polymerization have also been conducted. However, the effects of the preparation protocol on the photo reactivities and LC alignments of photo alignment films have not been reported to date, and only the effects of the chemical structure on the LC alignment have been investigated. The film preparation protocols strongly depend on the photo reactivity because of the photo reactivity dependence of both the residual casting solvent molecule and the condensation of the polymer segments in the films.
However, no direct evidence for this hypothesis has been presented in literature.
Therefore, identifying the crucial factors that determine the LC alignment characteristics through various film preparation protocols is necessary in the development of high performance photo alignment films.
In the current study, 6FDA-TeMPD polyimide was used as a model polymer. To date, no systematic study on the dependence of the photo alignment characteristic on film preparation conditions has been reported. Polymer chains exhibit a variety of conformations in different casting solvents. These different conformations result in different polymer film morphologies, including chain packing [6, 7] . Thermal treatment induces the densification of glassy polymer films.
Hence, the photo alignment mechanisms of 6FDA-TeMPD polyimide films prepared in different casting solvents were investigated. The effects of the different film preparation protocols on the heat-treated films were also analyzed.
Experimental

Sample preparation
The 6FDA-TeMPD chemical structure ( Figure  1 ) was confirmed via Fourier transform infrared and nuclear magnetic resonance spectroscopies. The 6FDA-TeMPD polyimides used in the current research were the same samples used in a previous study [5, [8] [9] [10] . The isotopic dense polyimide films were prepared by spin-coating a filtered 2.0 wt% solution of the polymer in highly volatile (boiling point = 67C) tetrahydrofuran (THF, Junsei Chemistry Co. Ltd., Tokyo, Japan) or lowly volatile (boiling point = 166C) N,Ndimethylacetoamide (DMAc, Junsei Chemistry Co. Ltd., Tokyo, Japan) on quartz substrates at 3000 rpm for 30 sec. The 6FDA-TeMPD polyimides were then baked at 100 or 250C for 3 h. The resulting substrates were then allowed to cool to room temperature.
The film preparation protocols were strictly followed to allow for an accurate comparison of the polymer series. LPUV irradiation was performed using a 200 W Hg-Xe lamp light source, and linearly polarized light was obtained from the reflection of a Brewster angle quartz plate.
The measured degree of light polarization at 254 nm was 99%. The irradiation intensity was approximately 700 W/cm 2 .
Absorption spectra
All ultraviolet (UV) absorption spectra obtained on a UV-3100 spectrometer (Shimadzu Co., Kyoto, Japan) from 1.5 eV to 6.5 eV at room temperature. All measurements were performed on the film state on the quartz substrate in at least three samples to confirm the reproducibility of the experimental results.
Molecular orbital (MO) calculations
The 6FDA-TeMPD polyimide structures were optimized using MOPAC (with PM3 as the parameters) or mechanics ( Figure 1 ). The structures were determined using one polymer segment unit with terminal hydrogen.
The optimal structures were then calculated using the Molecular Mechanics Simulator, CAChe version 6.01 (Fujitsu Co. Ltd., Tokyo, Japan). 
Fluorescence spectra
All fluorescence spectra were obtained on an FP-6500 spectrofluorometer (JASCO Co., Tokyo, Japan). All measurements were performed on the film state on the quartz substrate in at least three samples to confirm the reproducibility of the experimental results. The excitation wavelength was 325 nm, and the measurement range was from 300 nm to 700 nm.
LC cell fabrication
The LC cells were fabricated by assembling two substrates, with their exposed LPUV light polarizations set parallel to each other in accordance with literature [3, 11, 12] . The cell gap was approximately 25 m. The guest-host LC was mixed with 100 parts nematic ZLI-2293 LC (Merck Co. Inc., New York, USA) and one part dichroic dye G-256 (Hayashibara Biochemical Lab. Inc., Okayama, Japan).
The resulting mixture was then heated to 100C and then injected into the cells in an isotropic phase. The uniformity of the LC alignment was evaluated through orthoscopic observations using a BX-51 polarization microscope (POM; Olympus Inc., Tokyo, Japan).
Results and Discussion
Effects of LPUV irradiation on 6FDA-TeMPD polyimides prepared using various film preparation protocols
The glass transition temperature of the isotropic, dense, and non porous 6FDA-TeMPD polyimide film was 427C, which is significantly higher than the temperatures used in the measurements. [5, [8] [9] [10] .
At this temperature, 6FDA-TeMPD polyimide was glassy and completely amorphous.
The UV spectrum (from 3.5 eV to 6.5 eV) of the films LPUV-irradiated at 10 J/cm 2 as well as those of the unirradiated 6FDA-TeMPD polyimide films are shown in Figure 2 . Three significant peaks, from 4.1 eV to 4.2 eV (peak a), 5.3 eV to 5.6 eV (peak b), and from 6.2 eV to 6.4 eV (peak c), were observed for all films. The intensity of peak a slightly increased after LPUV irradiation, whereas those of peaks b and c clearly decreased. Moreover, peak c eventually disappeared. These results are consistent with those of a previous study [5] . The positions of peak a which are the maximum absorption wavelength,  a max , for all films were found within 4.14 eV to 4.16 eV. However, that of the peak b position,  b max , depended on the film preparation protocol. In the highly volatile THF solvent, the peak position slightly shifted toward the 5.50 eV to 5.54 eV range at 100°C, and toward the 5.51 eV to 5.55 eV range at 250°C during LPUV irradiation. On the other hand, in the lowly volatile DMAc solvent, the  b max shifted toward the 5.37 eV to 5.45 eV range at 100°C, and toward the 5.44 eV to 5.55 eV at 250°C. The shift in  b max of the 6FDA-TeMPD film prepared in the DMAc solvent was more significant than that prepared in THF, indicating that the transition-state structures of the films were determined by the film preparation protocols. The frontier MOs of peaks a, b, and c were analyzed in our previous study [5] .
The 6FDA-TeMPD orbital compositions of the frontier MOs of these peaks are shown in Figure 3 . Peak a is mainly described by the excitation of one electron from the highest occupied molecular orbital (HOMO) to the lowest occupied molecular orbital (LUMO).
The lowest band can be assigned to the * transition of the phenyl group. However, the bands of peaks b and c can be deconvoluted into various components by considering the possible electronic transitions. Both peaks a and b showed dependence on the n* transition of the carbonyl groups (HOMO5 or HOMO7  LUMO, respectively). Figure 2 shows that the reduction of the only n* transition of the carbonyl groups depended on the photo absorption of peaks b and c. This reduction was in turn determined by the 6FDA-TeMPD film preparation protocols.
In this study, peak c was not observed after LPUV irradiation. Therefore, only the intensities of peaks a and b, which decreased with increasing irradiation time, were analyzed.
The peak intensity ratios of the films prepared via different protocols can be expressed as follows:
where A a, yJ and A b, yJ are the absorbances of peaks a and b under y J/cm 2 LPUV irradiation, whereas A a, 0J and A b, 0J are the absorbances of peaks a and b without LPUV irradiation.
The peak intensity ratios of peaks a and b of the films prepared via different film preparation protocols as a function of the LPUV irradiation time are shown in Figures 4(a) and 4(b), respectively. The intensity of peak a for all 6FDA-TeMPD films increased by 0 J/cm 2 to 6 J/cm 2 as the irradiation time increased. However, the intensity decreased by 6 J/cm 2 to 10 J/cm 2 as the irradiation time increased. The degrees of accession in the 0 J/cm 2 to 6 J/cm 2 range are ranked as follows: THF 100°C > DMAc 250°C > THF 250°C > DMAc 100°C.
Meanwhile, degrees of reduction in the 6 J/cm 2 to 10 J/cm 2 range are ranked as follows: THF 250°C > DMAc 250°C > DMAc 100°C > THF 100°C in the range of 610 J/cm 2 . The peak intensity was nearly constant because it did not depend on the heat and casting solvent conditions. Meanwhile, the intensity of peak b decreased as the LPUV irradiation time increased.
The reduction followed the order, THF 250°C > THF 100°C > DMAc 250°C > DMAc 100°C, and showed higher dependence on the casting solvent than on the heat treatment temperature.
This reduction also depended on the highly volatile preparation conditions.
The peak intensity of the 6FDA-TeMPD films prepared in the DMAc solvent was not affected by irradiation under 1 J/cm 2 LPUV (Figure 2 ). In addition, a time lag in the reduction was observed. Therefore, the film preparation conditions affected the LPUV irradiation effect.
The photo reaction mechanisms of all 6FDA-TeMPD films prepared under LPUV irradiation are schematically shown in the absorbance spectra ( Figure 5 ) [5] . The structure of the charge-transfer complexes (CTCs) of 6FDA-TeMPD is a mixed-layer packing (MLP), which is similar to the sandwich structure between imides and the neighboring benzene rings in the diamine moiety [7] . The electron-donationg benzene ring and the electron-accepting imide ring formed CTCs between the polymer chains in the MLP structure. Therefore, the photo reaction between the C=O group of the imide ring and the CH 3 group under LPUV irradiation occurred in one direction, resulting in the formation of a hydroperoxide OH on the side 6FDA-TeMPD polymer chain. The symmetrically structured polymer (6FDA-TeMPD) exhibited combinations with alternating sequences on both cross-sides. The increase in the intensity of peak a was determined by CTC formation, which is a measure of polymer cohesiveness. On the other hand, the reduction in the intensity of peak b is attributed to the decrease in the photo reaction of the C=O group. Therefore, the fluorescence spectra of all 6FDA-TeMPD films were obtained to characterize the charge-transfer interactions and determine the extent of CTC production, given that LPUV irradiation affects the condensation of polymer segments. Figure 6 shows the fluorescence spectra of all 6FDA-TeMPD films irradiated under 0, 1, and 10 J/cm 2 LPUV. All 6FDA-TeMPD polyimide films exhibited an emission spectral band at 470 nm after excitation at 325 nm. This band is attributed to the intra-molecular interactions of the aromatic polyimide that contains an alternating sequence of electron-rich donor and electron-deficient acceptor molecules.
Therefore, CTC formation and polymer cohesiveness can be determined via fluorescence spectroscopy. The maximum peak emission wavelengths,  max , was 471 nm for the films thermally treated at 100°C (THF 100°C and DMAc 100°C). On the other hand, that of the films thermally treated at 250°C (THF 250°C and DMAc 250°C) was 474 nm. The  max depended on the thermal treatment temperature. In addition, the  max of all prepared films increased to approximately 478 nm as the LPUV irradiation time increased. This result indicates that the energy needed to form CTCs was decreased by LPUV irradiation. LPUV irradiation depends on the chemical structure and polymer cohesiveness. This result is consistent with those shown in Figure  5 . Figure 6 . Fluorescence spectra of the 6FDA-TeMPD films LPUV-irradiated from 0 J/cm 2 to 10 J/cm 2 at an excitation wavelength of 325 nm. Figure 5 . Photo oxidation mechanism of 6FDA-TeMPD. Figure 6 shows that the maximum peak emission intensities of all 6FDA-TeMPD films increased as the LPUV irradiation time increased. Similar to those of the UV spectra, the peak emission intensity ratios of all prepared films can be expressed as follows: 
where I yJ is the peak emission intensity for y J/cm 2 LPUV irradiation, and I 0J is the peak emission intensity without LPUV irradiation.
The peak emission intensity ratios of all films as function of the LPUV irradiation time is presented in Figure 7 . As the irradiation time increased, the peak emission intensity of the 6FDA-TeMPD films thermally treated at 250°C (THF 250°C and DMAc 250°C) increased. On the other hand, a time lag in the increase in the 0 J/cm 2 to 2 J/cm 2 range was observed in the 6FDA-TeMPD films thermally treated at 100°C (THF 100°C and DMAc 100°C). The order of the increase is DMAc 250°C ≥ THF 250°C > THF 100°C ≥ DMAc 100°C. The LPUV irradiation for the photo reaction strongly depended on the polymer cohesiveness. Figures 4(b) and 7 show that the photo reactivity of the THF 250°C 6FDA-TeMPD film was the highest among all prepared films, whereas that of the DMAc 100°C 6FDA-TeMPD film was the lowest.
The photo reactivity and polymer cohesiveness of the films varied with the film preparation protocol. Therefore, the photo alignments of the THF 250°C and DMAc 100°C 6FDA-TeMPD films, which exhibited the highest and lowest photo reactivities, respectively, were systematically investigated.
Analysis of the LC cell photo alignment in 6FDA-TeMPD polyimides prepared using various film preparation protocols
The photo alignments of the LC molecules in the THF 250°C and DMAc 100°C 6FDA-TeMPD films, which exhibited the highest and lowest photo reactivities, respectively, were investigated. The POM images of the LC cells in the 6FDA-TeMPD films are shown in Figure 8 . The images of the polarizer parallel (0 degree) to the LPUV irradiation direction were under crossed Nicols, whereas those of the polarizer perpendicular (90 degree) to the LPUV irradiation direction were under parallel Nicols.
The 6FDA-TeMPD films prepared without LPUV irradiation showed no photo alignment characteristics, whereas the 6FDA-TeMPD films irradiated with LPUV above 1 J/cm 2 exhibited distinct photo alignment. The LC molecules were oriented in the direction of the LPUV irradiation. However, no significant difference was observed between the photo alignments of the films with the highest and lowest photo reactivities under LPUV irradiation higher than 1 J/cm 2 . Figures 6 and 7 show that the polymer cohesiveness of the DMAc 100°C 6FDA-TeMPD film decreased under 1 J/cm 2 LPUV irradiation. However, this film showed photo alignment characteristics. Therefore, the photo alignment characteristics were determined by the chemical structure and did not depend on polymer cohesiveness.
No difference was observed between the photo alignment characteristics of the different photo reactive films. Moreover, the photo alignment sensitivity was determined by comparing the two 6FDA-TeMPD films irradiated under 0.5 J/cm 2 LPUV. The THF 250°C 6FDA-TeMPD film exhibited photo alignment characteristics. However, the photo alignment exhibited by the DMAc 100°C 6FDA-TeMPD film was weak. The photo alignment sensitivity increased as the photo reactivity increased. In addition, the photo alignment sensitivity did not depend on the polymer cohesiveness, but rather on the residual solvent trace in the film. The 6FDA-TeMPD film prepared under lowly volatile preparation conditions exhibited photo alignment Peak emission intensity ratio of the maximum peak in the fluorescence spectra as a function of the LPUV exposure from 0 J/cm 2 to 10 J/cm 2 . Film preparation conditions: THF 100C (), THF 250C (), DMAc 100C (), DMAc 250C (). characteristics because the residual solvent disrupted the cross-linking polymer segments through the photo reaction. This result indicates that the photo alignment sensitivity can be increased by reducing the residual solvent in the polymer film.
Conclusions
The photo reactive and photo alignment sensitivities of 6FDA-TeMPD polyimides were systematically investigated. Different molecular ordering structures of 6FDA-TeMPD polyimides were prepared by controlling the casting solvent as well as the dry conditions. The 254 nm LPUV irradiation increased the polymer condensation in all 6FDA-TeMPD film preparation protocols. LPUV irradiation for the photo reaction strongly depended on polymer cohesiveness. However, the photo reactivities and polymer cohesiveness varied with the film preparation protocol. The photo alignment sensitivity was increased in the 6FDA-TeMPD films prepared under lowly volatile preparation conditions.
In addition, this characteristic did not depend on polymer cohesiveness, but rather on the residual solvent trace in the film. Therefore, the photo alignment sensitivity can be increased by reducing the amount of residual solvent in the polymer film. 
